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1. HIGHLIGHTS OF DAAHO04-93-G-0317 (9/93-6/95)

1.1. Research Accomplishments

1.

The commercial software package, CeriusT™, was used in molecular
modeling of the crystal structure of LARC-CPI thermoplastic
polyimide. Unit cell lattice parameters were determined for this
polymer for the first time.

. Cerius™ and Polygraf™ were used to determine the energy

minimized repeat unit length for LARC-CPIL. -

. Cerius™ and PolygrafTM were used to determine the chain

conformation of a series of liquid crystalline polycarbonates prepared
by Dr. Heidi Schreuder-Gibson’s group at the Army Natick Laboratory.

. Wide angle X-ray scattering studies were performed on fibers of

dimethyl-substituted stilbene liquid crystalline polycarbonates.

. Wide angle X-ray scattering studies were performed on film stacks of

LARC-CPI and NEW-TPI thermoplastic polyimides.

. Thermal expansion coefficients for the crystalline unit cell of LARC-

CPI and NEW-TPI were determined for the first time.

. Angle resolved X-ray photoelectron spectroscopy was performed on

the surface of NEW-TPI and a strong ordering peak was characterized
as belonging to an ordered diamine.

1.2 Budget

Amount Spent 9/1/93 - 6/30/95 $26,719.74
Time Period of Expenditure 22 months
Total Budget $99,791

Total Period of Grant 36 months

1.3 Students Supported (months of support) and Present Status

Mark Brillhart(6) M. S., MIT 6/94
Ingchie Kwan(5) S. B., MIT, expected 6/96
Paul Kang(4) S. B., MIT, expected 6/96

Christine Tsau(5) S. B., MIT, expected 6/98
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Protection. I am using real-time x-ray scattering to characterize
phase transformations in LCPs synthesized by Dr. Schreuder-
Gibson.




3.0 RESEARCH ACCOMPLISHMENTS

3.1 Thermal Expansion )

Measurements of the coefficient of thermal expansion (CTE) of the
crystalline lattice of two semicrystalline thermoplastic polyimides are reported.
NEW-TPI and LARC-CPI polyimides were studied using elevated temperature
wide angle X-ray scattering (WAXS) from 25°C to 325°C. To examine possible
shifts in the c-axis, a novel approach developed in our lab [1,2] was used to
create highly oriented samples. Films were treated in I1-methyl-2-
pyrrolidinone (NMP) at the reflux temperature, washed and then dried under
constraint. The films treated in this manner were highly oriented, with c-axes
preferentially aligned along the film normal. The advantage of this
orientation is that it allows numerous reflections of type (00) to be examined
for temperature shifts of the c-axis using reflection mode WAXS. No
systematic shift of the c-axis lattice parameter as a function of temperature was
observed in either NEW-TPI or LARC-CPI. The c-axis thermal expansion is
concluded to be smaller than 8 x 10-6/°C for LARC-CPI, and for NEW-TPI may
be weakly negative. From WAXS of unoriented films, systematic shifts in the
a and b lattice parameters were deduced as a function of temperature. The
linear CTEs relating these unit cell parameters at temperature T to their values
at 0°C are:

NEW-TPI LARC-CPI
a= 78201+ 93x10°6T) a= 8.06(1+ 117 x10°6T)
b= 636(1+ 60x106T) b= 6.12(1 + 75 x10-6T)

The novel class of high perfbrmance semicrystalline polyimides (PIs)
has been the subject of recent studies by our group [1-8] and others [9-34].
RegulusTM NEW-TPI (Mitsui Toatsu Chemical Co.) [1-6,14,20-30] and LARC-
CPI (NASA Langley Research Center) [2,7-25] are two promising polyimides
which have potential applications as wire and cable insulation, composite
matrices, and high temperature films. The chemical structures of these
polyimides are shown in Figure 1[1,14,17]. NEW-TPI monomer unit contains
the pyromellitic dianhydride (PMDA), while LARC-CPI contains the
benzophenone tetracarboxylic dianhydride (BTDA). As a result of
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incorporation of phenyl-ether and phenyl-ketone linkages into the diamine
component, the molecular mobility is increased allowing crystallization to
occur from the melt [9-15]. Both materials can be processed by standard
thermoforming techniques such as injection molding and extrusion of pellets
or film [27,28] and can be drawn into oriented films [5,7]. A comparison of
properties of NEW-TPI and LARC-CPI is shown in Table 1. The glass
transition temperatures are 250°C (TPI) [25] and 222°C (CPI) [14], while the
crystal melting temperatures are 388°C (TPI) [25] and 350°C (CPI) [14]. Both
polyimides reach an ultimate degree of crystallinity around 0.30-0.40 [4,7].

Because the formation temperature from the melt is several hundred
degrees above room temperature, thermal contraction properties of PIs during
processing will be important. Applications involving adhesion to substrates,
or formation of composite structures, will likewise be affected by the
coefficient of thermal expansion. The bulk linear CTEs of several polyimides
have been reported by Numata, et al. [35-38]. PI films were cured either on or
off a substrate, and relationship of bulk linear CTE to chemical structure was
investigated [35-37]. The CTE was temperature dependent, so an average value
from 50-250°C was reported. Bent structures generally had higher CTEs. For
Pls containing BTDA, bulk linear CTE ranged from 3-5 x 10-3/K, while PIs
containing PMDA, which is a more rigid group, had lower CTE ranging from
1-2x 10-5/K [35-38].

On this basis, we expect bulk linear CTE to be smaller in NEW-TPI than
in LARC-CPI, and this has been observed [6]. In this report, we investigate the
crystal lattice expansion properties of these novel semicrystalline polyimides
determined from elevated temperature WAXS.

3.2. Experimental Section

Elevated temperature isothermal WAXS experiments were performed
on a Rigaku RU200 system in 6/26 reflection mode. The generator was
operated at 50KV and 200mA, and produced Cu K radiation at A=154A. 1
degree diffraction and scatter slits were used with both 0.15 and 0.30 degree
receiving slits. Receiving slits were selected to optimize the intensity of the
diffraction pattern peaks. 26 was continuously varied at a rate of 0.1 degree per
minute in the range from 3 to 40 degrees at a step scan interval of 0.02 degrees.

Scans were made on both cold crystallized and NMP treated stacks of
films of NEW-TPI and LARC-CPI. Amorphous films of NEW-TPI
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(RegulusT™) were provided by Mr. Yasunori Sugita of Mitsui Toatsu Chemical
Company. LARC-CPI samples were provided in the form of partially imidized
solvent cast films and were obtained from Dr. Terry St. Clair of the NASA
Langely Research Center.

Semicrystalline films of NEW-TPI were heated to 300°C and held for 1
hour. The temperature was then rapidly increased to 340°C and the films were
immediately cooled to room temperature at a rate of -20°C/minute.
Semicrystalline samples of LARC-CPI were prepared by a similar cold
crystallization process. The specimens were heated to 170°C and held for 1
hour. The temperature was then ramped to 190°C and held for another hour,
to complete the imidization process. This was carried out in two steps to
eliminate the foaming that can occur during this chemical reaction if too fast a
heating rate is used. The sample was then heated to 300°C and held for 1 hour,
then cooled to room temperature at a rate of -20°C/minute.

Films of both NEW-TPI and LARC-CPI were subjected to an NMP
treatment that was developed in our lab to create highly oriented films [1,2].
Films of both materials were placed in an NMP bath at the reflux temperature,
204°C, under Argon protection gas. The NMP does not dissolve the films (no
weight loss was observed after treatment) but acts as a plasticizer allowing
crystallization to occur as a result of the increased molecular mobility. As-
received NEW-TPI films were heated in NMP for 4 hrs. Fully imidized LARC-
CPI samples were heated in NMP for 18 hrs. After NMP treatment, samples
were washed in distilled water at room temperature for 4 hrs to remove any
residual NMP. No NMP was detected by FTir analysis of the washed films.
The samples were then placed between filter paper, and clamped between two
perforated ceramic plates. This clamping process constrained the films by
holding them flat during drying in a vacuum oven at 106°C overnight.

3.3 NEW-TPI

Figure 2 shows WAXS intensity vs. 20 for cold crystallized NEW-TPI
films at 25°C (solid line) and 275°C (dashed line) over the angular range from
13 to 30 degrees. The noise level in the scan is indicated by the vertical
marker. The Miller indices, hkl, for the five crystalline reflections shown in
Figure 2 were determined from the crystal structure of NEW-TPI presented by
Okuyama, et al. [21,22]. Miller indices are marked at the room temperature
peak positions in Figure 2. Table 2 lists the d-spacing vs. temperature for the
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(110) and (200) planes. Error estimates in this table, and all other tables and
figures, are based on an assumed uncertainty in angle 6 of 0.05 degrees. There
is a systematic shift to larger d-spacing as temperature increases for all
reflections of the type (hk0). In this scan, there is one reflection, (112), with
non-zero | index. The temperature shift of this peak is very small. Because
the (112) peak occurs as a shoulder on the much stronger (110) reflection, we
did not attempt to analyze its temperature shift.

From the (200) reflection the lattice parameter a was determined as a

function of temperature by solving:
1/(d hkp)? = (h/a)? + (k/b)2 + (1/¢)? = (2 sin Bhka / A)? (1)

where dpk] is the d-spacing of the planes with Miller indices, hkl; a,b,c are the
lattice parameters for the orthorhombic unit cell; 6nk) is the half scattering
angle; and A is the X-ray wavelength. There was no reflection of the type (0k0)
in the WAXS scan of NEW-TPI. However, with knowledge of lattice
parameter a, lattice parameter b could be found from (110) and (210). Lattice
parameter b has a larger relative error than lattice parameter a. Lattice
parameters a and b determined from equation (1) are listed in Table 2 and
displayed in Figure 3. There is a systematic change in both lattice parameters
with temperature. The lines drawn through the data in Figure 3 represent the
lines of best fit and were used to determine the CTE which will be reported in
Section 3.3. We assume that the crystal structure remains orthorhombic
throughout the temperature range. No signature of a crystal lattice
transformation was observed in either thermal analysis or in small angle X-
ray scattering studies at elevated temperature [6].

We developed a method to produce highly oriented films by
recrystallization in NMP [1,2], following the observation by Wang, et al. [32]
that a (usually) amorphous polyimide, LARC-TPI, could be crystallized in
NMP. The procedure for NMP film treatment and drying is described in the
experimental section, and results in films having c-axes oriented preferentially
along the film normal. The geometric constraints of the hot hutch mounted
on the Rigaku diffractometer are such that the films must be examined in
6/26 reflection mode. Our NMP treated films with c-axes aligned along the
film normal possess the correct orientation for WAXS studies in 6/26
reflection mode. Standard methods for producing oriented films, for example




11

by zone annealing, hot drawing or rolling, result in orientation with the fiber
axis lying in the plane of the film, and hence can not be used for the present
studies.

Figure 4 shows the scan of NMP treated NEW-TPI with peaks indexed
according to the crystal structure determined by Okuyama, et al. [21,22]. The
solid line represents data at 25°C, while the dashed line indicates changes in
the scan which occur at 325°C. Numerous reflections of the type (00I) can be
seen in Figure 4, along with two small peaks having either h or k non-zero.
The only systematic changes with temperature occurred in the (200) and (210)
peaks, as indicated by the dashed lines in Figure 4 which show how these
reflections have shifted by the timé the temperature has reached 325°C.

In a study of PEEK thermal expansion, Blundell and D'Mello [39] used a
single (00!) reflection to determine the lattice parameter c. These researchers
found some variation in the lattice parameter ¢ when different (00l) reflections
were chosen. Here, our novel solvent exposure processing results in c-axes
aligned along the film normal. This results in a large number of (00])
reflections which can be examined in 6/26 reflection mode, and analyzed for a
consistent value of c. The c-axis repeat distance, d, was found from the slope

of:
n=d (2sin6/A) 2

where n is the peak index, and 0 is the half scattering angle. Figure 5a shows
peak index, n, vs. 2sin8/A for the eight 00! reflections at room temperature.
The slope gives a c-axis value of 25.3A, which is slightly larger than the c-axis
repeat distance, 25.114, found by Okuyama [21,22]. The slope of n vs. 2sin8/\
was evaluated at each temperature to determine the c-axis shift. These results
are shown in the last column of Table 2 and illustrated in Figure 5b. There is
perhaps a slight trend for a decrease in the c-axis as a function of increasing
temperature, but within the error bars (£0.024), the c-axis did not change
systematically with temperature. The error bars on these data were established
from consideration of the %2, the sum of the squares of the deviations of c-axis
data from the line of best fit. At each temperature, the best fit line was
determined. The error bar limits shown in Figure 5b represent the extreme
values of ¢ that would result in a 50% increase of x2. Deviations of this size
could easily be determined to be "poor fits" by visual inspection. Within the
resolution of this instrument, the c-axis of the crystal lattice of NEW-TPI
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remains approximately constant over the temperature range from 25°C to
325°C. The changes in a and b lattice parameters are significant and well
outside the error limits on these quantities.

The coherence length of crystals, t, in a direction perpendicular to a set
of lattice planes of Miller index h,k,1 can be determined approximately from

the Scherrer equation [40]:
t=KA /(Bpy cos Onk1) 3)

where Bpy is the broadening due to crystal size, and K is the Scherrer constant
which is assumed here to equal 0.89. Effects of lattice strain are not included
here. If the peaks are further assumed to have Gaussian lineshape, then the
broadening due to crystallite size is found from the measured peak full width
at half maximum, B, and the instrumental broadening, b, according to:

B2 = B2 - b2 4)

This evaluation was made for the room temperature scans. Using the (200)
peak we find a coherence length in the a* direction of 110A. The coherence
length in the a* direction is 14.0 times the length of the unit cell lattice
parameter a. Averaging B from the (004), (005), (006), (007), (009), and (0010)
peaks we find a coherence length in the c* direction of 108A. This indicates
the NEW-TPI crystal is about 4 monomer repeat units thick.

3.4 LARC-CPI

Figure 6 shows WAXS intensity vs. 26 for cold crystallized LARC-CPI
films at 25°C and 275°C over the angular range from 15 to 30 degrees. Again,
the noise level in the scans is shown by the vertical markers. Miller indices
for the three crystalline reflections shown in Figure 6 were determined from
our prior study of the crystal lattice of LARC-CPI [7,8] and mark the room
temperature positions of the peaks. All of the peaks are broad and there is a
systematic shift to larger d-spacing as temperature increases for all three
reflections. Table 3 lists the d-spacing vs. temperature for the (111) and (200)
planes which are the most intense contributors to the reflections shown in
Figure 6 [8]. The lattice parameter a could be determined directly; lattice
parameter b required knowledge of the c-axis for its evaluation.
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Figure 7 shows WAXS intensity vs. 20 for NMP treated LARC-CPI films
at 25°C (solid line) and 300°C (dashed line). The intense sharp peak at 28.44° is
from the Si calibration standard. The majority of the peaks in the WAXS scan
of NMP treated LARC-CPI are of the type (00]). None of the (00]) peaks shifted
systematically as the temperature increased. Only two peaks showed
significant shift as a function of temperature: the one attributed to the overlap
of (110), (111), (112), (008) and the small peak attributed to (200).

Figure 8 shows the peak index vs. 2sin6/A for the eight (00) reflections
at room temperature. The c-axis at each temperature was evaluated from the
slope, and results are listed in Table 4. The c-axis of LARC-CPI is erratic and
shows no trend as a function of temperature. Within our instrument
resolution the c-axis of LARC-CPI is invariant with temperature changes over
the interval from 25°C to 300°C. On the other hand, when lattice parameter a
was evaluated using the small (200) peak shown in Figure 7, a systematic
variation with temperature was observed. Since the (200) peak intensity was
quite weak in the NMP treated samples, evaluation of lattice parameter a was
made from the unoriented WAXS pattern of Figure 6

Lattice parameters a and b were determined, respectively, from (200) and
(111) d-spacings in Table 3 by solving equation (1). Because the c-axis showed
no systematic variation over the temperature interval, its average value over
the interval (37.6A) was chosen for use in the evaluation of the parameter b
from (111). Results for lattice parameters a and b are listed in the last columns
of Table 3 and displayed in Figure 9 as functions of temperature. The
variation of lattice parameter a with temperature is substantial. Lattice
parameter b has a larger relative error than lattice parameter a but still shows a
positive thermal expansion. The lines through the.data are the lines of best
fit, and were used to determine the CTE.

The Scherrer equation [40] (see equation 3 above) was used to estimate
the coherence length of LARC-CPI crystals at room temperature. From (200)
peak broadening we find a coherence length in the a* direction of 107A, or 13
times the length of the lattice parameter a. Using B averaged from (003), (004),
(007), (0010), and (0013) we find a coherence length in the ¢* direction of 774,
which is about two times the monomer repeat distance.
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3.5 Coefficient of Thermal Expansion

The temperature dependence of the lattice parameters obtained from
WAXS allows us to evaluate the linear coefficient of thermal expansion (CTE)
of the crystalline portions of the material. A parameter, p, at elevated
temperature, T, is related to its value p(0) at 0°C accdrding to the relationship:

p(M=p0) [1+0apT] (5)

where op is the linear CTE of parameter p. Thus the slope of the linear fit of
the data is the product of the 0°C value of the parameter and ap. 0a and ap
were determined from equation (5) for both materials. Summarizing the
résults of the thermal expansion of the crystal lattice for these polyimides, we
find the following relationship between the lattice parameters at elevated
temperature, T (in degrees Centigrade) and their values at 0°C:

NEW-TPI LARC-CPI
a= 7.82(1+ 93x106T) a= 8.06(1+ 117 x10-6T)
b= 6361+ 60x10°T) b= 6121 + 75 x10-6T)

In both polyimides, the a-axis expansion was greater than that of the b-
axis. The results for LARC-CPI a-axis expansion were determined from the
(200) peak of unoriented film (Figure 6). When the small (200) peak of the
NMP treated sample (Figure 7) was used to obtain o, we find 0a=110x10"6/°C,
which agrees very well with the aa shown above.

Neither NEW-TPI nor LARC-CPI c-axis lattice parameters exhibited
unambiguous changes with temperature. Within the resolution of our
instrument, we can only conclude that the c-axis expansion for LARC-CPI is
smaller than 10 x 10-6/°C. For NEW-TPI the c-axis expansion might be weakly
negative. The c-axes expansions are much smaller than either a- or b-axes
expansions in both LARC-CPI and NEW-TPL. Thus, both materials are very
anisotropic in their unit cell expansion characteristics. The same result was
seen in another high performance thermoplastic polymer, PEEK, in which
Blundell and D'Mello report no detectable expansion of the c-axis [39]. In
another study of PEEK, Choy, et al. report c-axis expansion to be negative [41].

Ward and coworkers have reported negative axial thermal expansions
for highly drawn films of poly(vinylidene fluoride) [42] and polypropylene [43].
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They attribute negative expansion to shrinkage stresses that become relaxed at
high temperature. Choy and Nakafuku found negative axial expansions for
drawn polyoxymethylene [44]. They suggest that negative expansion relates to
torsional and bending motions of the polymer chains.

On the other hand, undrawn polymers with flexible backbone bonds
and low energetic barriers to rotation, can have much larger CTE in the c-axis
direction. Our prior results on poly(butylene terephthalate), PBT, showed a c-
axis expansion of 213 x 10-6/°C, which was comparable to the expansions in the
a and b directions of the triclinic unit cell [45]. PBT contains a crumpled
tetramethylene sequence that can expand to trans conformation over a low
energy barrier. Polymers such as the novel polyimides studied here possess
stiff backbone bonds that are highly resistant to rotation, leading to very low
CTEs along the molecular chain axis. Expansion in directions perpendicular to
the chain can occur more easily. Expansion in the a and b directions are
resisted by relatively weak Van der Waals forces, and are energetically more
favorable. The much greater expansion along a indicates the intermolecular
forces are weaker in this direction than in the direction of b.

Since the a and b lattice parameters show a linear CTE over the
temperature range studied, while the c lattice parameter is assumed invariant
with temperature, there will be a linear volumetric expansion of the entire
unit cell. Retaining only terms linear in the temperature, the volume

expansion of the unit cell may be written as:

V(T) =V(0) [ 1+ ay T] (6)
where oy is given in this approximation by:

Oy =2 04 = g + Op + O¢ (7)
i
Figure 10 a,b shows the maximum estimate for the unit cell volume, V, as a
function of temperature for NEW-TPI and LARC-CPI, respectively. The
volume coefficients of thermal expansion of the unit cell can be written

according to equation (4) as:

NEW-TPI LARC-CPI
V<1258 (1 + 153 x106T) V < 1855 (1 + 192 x10°6T)
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For the two thermoplastic polyimides, NEW-TPI and LARC-CPI, we
find that crystalline unit cell thermal expansion occurs predominantly along
the a and b directions of the cell. A novel film preparation method allowed us
to examine many orders of (00) reflection. There was no expansion of the
unit cell in the direction of the c-axis, within the resolution of our instrument.
LARC-CPI has a larger crystal volume expansion coefficient than NEW-TPL.
This indicates that LARC-CPI crystals will contract relatively more after melt
processing than NEW-TPL
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4, Tables
Table1

Comparison of properties of NEW-TPI and LARC-CPI.

19

Property NEW-TPI LARC-CPI

Glass Transition, °C 250°C [25] 222°C [14]
Melting Point, °C 388°C [25] 350°C [14]
Ultimate Crystallinity 0.30 4] 0.40 171
Dielectric Constant (25°C, IMHz) 32031 3.1[14]
Young's Modulus, GPa (25°C, 10Hz) 310 3.0071
Crystal Density, g/cm3 1.47[21] 1.51 (81
Amorphous Density, g/cm3 1.33 [25] 1.335 51
Lattice Parameters (25°C):

a-axis (&) 7.89121], 7.852 8.072

b-axis (A) 629121, 6.372 6.132

c-axis (A) 25.11(21], 25.31a 37.63b

a  Reported in this work

b Average value over the temperature interval




Table 2
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D-spacings for the (110) and (200) planes and lattice parameters a, b, and ¢
as a function of temperature for NEW-TPL

Temp. di10 daoo a _ b C
(°Q) (A) (A) (A) (A) (A)
25 4.95+.015% 3.92+.015% 7.85+.015% 637035t | 2531+.02¢
. 50 495 3.93 7.86 6.37 25.34
75 496 3.94 7.88 6.38 25.32
100 497 3.95 7.89 6.39 2531
125 498 3.96 7.91 6.40 25.30
150 499 3.97 7.93 6.42 —
175 499 . 3.97 7.93 6.42 25.33
200 5.01 3.98 7.97 6.4 —
225 5.01 3.99 7.97 6.4 25.29
250 5.02 4.00 7.99 6.45 2527
275 5.04 4.01 8.03 6.47 25.27
300 © 5.04 4.03 8.05 6.47 _—
325 5.05 4.03 8.07 6.48 25.27

Not tested at this temperature

$ Error limits apply to all column entries




Table 3

D-spacings for the (111) and (200) planes and lattice parameters a and b

as a function of temperature for LARC-CPL.

Temp. diin dogo a b
°C) (A) (A) (A) (A)
20 4.84+.035% 4.03+.015% 8.07+.015% 6.135+.035%
. 52 4.86 4.06 8.12 6.14
77 4.87 4.07 8.15 6.15
102 4.88 4.08 8.16 6.17
127 4.89 4.09 8.18 6.185
150 4.90 4.10 8.20 6.195
176 4.90 4.11 8.23 6.19
200 491 412 8.23 6.20
226 4.94 4.14 8.28 6.23
251 4.94 4.15 8.29 6.24
276 4.96 4.17 8.33 6.25

1 Error limits apply to all column entries




Table 4

Lattice parameter c as a function of
temperature for LARC-CPL

Temperature C

°C) (A)
25 37.50+.02%

50 37.65
75 37.58
100 37.64
125 37.61
150 37.67
175 37.66
200 37.66
215 37.61
230 37.60
250 37.56
275 ‘ 37.62
300 37.60

f  Error limits apply to all column entries




5. Figure Captions

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Chemical structures for one repeat unit of NEW-TPI and
LARC-CPL

WAXS intensity vs. 26 for cold crystallized films of NEW-TPI
at 25°C (solid line) and 275°C (dashed line).

Lattice parameters a (squares) and b (circles) vs. temperature
for NEW-TPL

WAXS intensity vs. 20 for NMP treated films of NEW-TPI at
25°C (solid line) and 325°C (dashed line).

NEW-TPI: a.) Peak index number of the 00! reflections, n, vs.
2sin®/A at 25°C. b.) Lattice parameter ¢ vs. temperature.

WAXS intensity vs. 26 for cold crystallized films of LARC-CFI
at 25°C (solid line) and 275°C (dashed line).

WAXS intensity vs. 26 for NMP treated films of LARC-CPI at
25°C (solid line) and 300°C (dashed line).

Peak index number of the 00! reflections, n, vs. 2sin6/A for
LARC-CPI at 25°C.

Lattice parameters a(squares) and b (circles) vs. temperature
for LARC-CPL

Unit cell volume vs. 4temperature: a.) NEW-TPI; b.) LARC-CPL.
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